The transduction of extracellular signals through signaling pathways that culminate in a transcriptional response is central to many biological processes. However, quantitative relationships between activities of signaling pathway components and transcriptional output of target genes remain poorly explored. Here we developed a dual bioluminescence imaging strategy allowing simultaneous monitoring of nuclear translocation of the SMAD4 and SMAD2 transcriptional activators upon TGF-β stimulation, and the transcriptional response of the endogenous connective tissue growth factor (ctgf) gene. Using cell lines allowing to vary exogenous SMAD4/2 expression levels, we performed quantitative measurements of the temporal profiles of SMAD4/2 translocation and ctgf transcription kinetics in hundreds of individual cells at high temporal resolution. We found that while nuclear translocation efficiency had little impact on initial ctgf transcriptional activation, high total cellular SMAD4 but not SMAD2 levels increased the probability of cells to exhibit a sustained ctgf transcriptional response. The approach we present here allows time-resolved single cell quantification of transcription factor dynamics and transcriptional responses and thereby sheds light on the quantitative relationship between SMADs and target gene responses.
Introduction
expression level or activity of upstream components is quantitatively related to variability in the transcriptional response of target genes is poorly understood. More recently, methods allowing to measure multiple nodes in signaling pathways were developed and applied successfully to study several pathways in live cells [6] [7] [8] [9] , but simultaneous monitoring of transcription factor activity and transcriptional kinetics of endogenous target genes remains challenging.
The TGF-β superfamily signaling pathway plays a central role in a broad range of biological processes, such as embryonic development, tissue homeostasis and cancer 10, 11 . The pathway has two main branches activated at the transmembrane receptor level by specific binding of ligands in the TGF-β superfamily. Among those ligands, TGF-β signals through a transmembrane receptor that recruits SMAD2/3 and allows their phosphorylation. pSMAD2/3 subsequently heterodimerizes with SMAD4 to translocate into the nucleus and activate hundreds of target genes in different cellular contexts [12] [13] [14] . Single-cell studies have revealed the pulsatile nature of SMAD shuttling dynamics and the heterogeneity of signaling determined by varying protein levels of individual cells 15, 16 . Yet, how cells interpret SMAD signaling and elicit a response remains unclear, mostly due to the scarcity of experimental systems allowing simultaneous measurements of SMAD dynamics and transcriptional output in the same cells. One study decoded the contributions of SMAD dynamics to downstream response in the TGF-β pathway using synthetic TGF-β inducible reporters, and demonstrated how the kinetics of ligand presentation impacts 4 not allow to capture the full range of information on response dynamics; moreover, the long-term dynamics of the target gene response was not explored.
Among the direct targets of the TGF-β signaling pathways, connective tissue growth factor (ctgf) encodes a secreted factor that promotes fibroblast proliferation and fibrosis, and plays a central role during wound repair as well as numerous pathological fibrotic conditions 19 . Using gene trapping of a short-lived luciferase reporter, we have previously shown that ctgf (similarly to most mammalian genes) is transcribed in a temporally discontinuous manner referred as to transcriptional bursting 20 . We have further shown that TGF-β stimulates ctgf transcription by increasing the transcription rate of ctgf during transcriptionally active temporal windows 21 .
However, the quantitative relationships between components of the TGF-β signaling pathways and the transcriptional output of ctgf are poorly understood.
Here we aimed at understanding how SMAD4 and SMAD2 nuclear translocation dynamics and expression levels quantitatively relate to ctgf transcriptional activity. We generated cell lines allowing to modulate SMAD4 and SMAD2 expression levels, and to simultaneously monitor their nucleo-cytoplasmic shuttling and the transcriptional activity of ctgf by two-color live luminescence imaging of single cells. We found that while the increase of SMAD4 and SMAD2 nucleo/cytoplasmic ratio were poor predictors of the transcriptional response of ctgf, high SMAD4
but not SMAD2 expression increased the probability of exhibiting sustained ctgf transcriptional activity upon TGF-β stimulation.
Results

Simultaneous monitoring of transcription factor shuttling and target gene activation in single living cells
We previously generated an NIH-3T3 mouse fibroblast gene trap cell line expressing a short-lived luciferase protein allowing to monitor transcriptional activity of the ctgf gene in single live cells by luminescence microscopy (GT:ctgf) 20 . To allow live monitoring of SMAD4 and SMAD2 nucleocytoplasmic shuttling in the same cells, we established two doxycycline (dox)-inducible stable cell lines each expressing a fusion protein of a luminescence (Nanoluciferase (Nluc), 22 reporter to either SMAD4 or SMAD2 ( Fig.1A and 1B) , referred as to iS4 and iS2 cells lines, respectively. We reasoned that low-level expression of these exogenous fusion proteins should allow monitoring nucleo-cytoplasmic shuttling of the SMADs without significantly altering the total pool of SMAD4/2.
To determine the optimal dox concentration, we first characterized the dox dose-response in the expression of SMAD4/2-Nluc (Fig.1C-F) , and found that 2ng/ml of dox treatment allowed expression levels lower or in the same range as endogenous SMAD4/2 ( Fig.1D and 1F ). We also monitored SMAD4 nuclear import in the GT:ctgf cell line and SMAD2 phosphorylation in the iS2 cell line treated with 2ng/ml of dox after TGF-β stimulation. As expected, SMAD4 was rapidly shuttled to the nucleus and SMAD2 phosphorylation reflected the response dynamics to TGF-β stimulation.
We then performed time-lapse, two-color luminescence imaging of either SMAD4/2-Nluc with Fluc driven by the endogenous ctgf regulatory sequences at a temporal resolution of 5 minutes. Since luminescence imaging does not involve sample illumination, it does not suffer from photobleaching or phototoxicity, thus allowing to image cells for long periods of time (up to several days) with high sensitivity and at high temporal resolution. While the substrate for Nluc is unstable in the medium and thus Nluc signal decreased over long timescales, this did not impact our ability to quantify SMAD4/2 nucleo-cytoplasmic shuttling as this is a ratiometric measurement 23 . In Therefore, dual-color luminescence imaging allows simultaneous recording of transcription factor shuttling and transcriptional responses at high temporal resolution.
Quantitative relationship between SMAD nuclear import dynamics and ctgf response
We next monitored SMADs nuclear import and ctgf responses in hundreds of individual cells, in both iS4 and iS2 cell lines treated with 2ng/ml of dox and stimulated with 5nM of TGF-β. We found that almost all cells rapidly increased nuclear SMAD4 after stimulation, reaching a peak 1h after stimulus ( Fig.2A-B ). An increase in transcriptional activity of ctgf was observed on average 7 minutes after SMAD4 reached its maximal nuclear concentration (Fig.2E , green and blue dashed lines). Individual cells displayed little variability in the timing of SMAD4 translocation (Fig.2F ) but larger variability in its nucleo/cytoplasmic ratio (Fig.2G) , suggesting variable transduction efficiency of TGF-β signaling to SMAD4 shuttling. Both timing and amplitude of the ctgf transcriptional response displayed a broad distribution, reflecting large cell-to-cell variability in upregulation of the ctgf gene ( Fig.2F and 2H ). We also performed the same experiments on the iS2 cell line and observed similar translocation dynamics and gene expression response profiles ( Fig.2I-P) . We conclude that SMAD4 and SMAD2 translocation timings are tightly controlled, but translocation efficiencies and the transcriptional responses of ctgf varied over a ~ 3-fold range.
Since both the translocation efficiencies of the SMADs and ctgf responses were broadly distributed, we next aimed at determining whether individual cells displayed correlated SMADs translocation and ctgf response profiles. Surprisingly, the SMAD4 and SMAD2 translocation amplitudes were not correlated to the amplitude of the ctgf response ( Fig.3A-B) , suggesting that upon treatment with 5nM of TGF-β, SMAD4/2 nuclear import is not limiting for transcriptional activation of ctgf. We then verified whether SMAD4/2 become limiting using lower doses of TGF-β (Supplementary Figure 2) . At a concentration of 500, 50 and 5 pM, the amplitudes of SMAD4/2 nuclear import were again not significantly correlated to the ctgf response ( Fig.3C-H ), suggesting that SMAD4/2 shuttling is generally not rate-limiting in the transcriptional response of ctgf in our system. In contrast, the timings of SMAD4 and SMAD2 import peak were weakly, but significantly positively correlated to the initiation of the ctgf response ( Fig.3I-J ). This suggests that variability in the timing of the TGF-β signaling upstream of SMAD4 is propagated to transcriptional activation of ctgf.
Analog encoding of TGF-β concentration information by dose-dependent SMAD signaling and ctgf responses
While some early studies assume that TGF-β concentrations stay constant over time after its addition, it has been shown that TGF-β is internalized and degraded by cells and is determinant for the downstream signaling 24, 25 . To determine whether the ligand dose-response is analog Table 1 ). Supporting this notion, comparison of SMAD levels in the transient and the sustained classes in samples treated with 2 ng/ml and 10 ng/ml doxycycline revealed that SMAD4 levels are significantly higher in the sustained class while SMAD2 levels do not differ (Fig.6D) . Therefore, the dynamics of the transcriptional response of the ctgf gene is influenced by the total amount of SMAD4 but not SMAD2.
Discussion
Major progress was made recently on describing dynamics of various mammalian signaling pathways 26, 27 , transcription factor nucleo-cytoplasmic shuttling 15, 28, 29 , and transcription at the single cell level 20, 21, 30, 31 . However, there is still little known about the quantitative relationship between these parameters, which will be key to understand how cells transduce external signals into changes in gene expression level. Here we show that amplitudes of SMAD4 and SMAD2 nuclear cytoplasmic shuttling do not impact the transcriptional response amplitude of the endogenous ctgf gene. This suggests that this signaling pathway has evolved to allow each cell to maximize its transcriptional response once the signal has reached the transcriptional activators. In contrast, it has been shown that receptor availability is a major source of intercellular response to TGF-β signaling 25 , and receptor endocytosis also regulates the duration of the TGF-β signaling response 32 . We may thus speculate that TGF-β signaling is mainly regulated at the first step, i.e.
the binding of TGF-β to its receptor, while subsequent signaling components are optimized to transfer the signal to the gene efficiently. Interestingly, we also found the temporal response of SMAD4 and SMAD2 shuttling to be fast, tightly regulated, and very quickly followed by the response in ctgf transcriptional activity. Therefore, the main temporal limitation to the response lies within the accumulation of gene expression products, which depends on the half-lives of the mRNA and proteins produced. Interestingly, both ctgf mRNA and proteins are short-lived 33 , which should allow very rapid maximal expression of the CTGF protein in response to TGF-β signaling.
Continuous TGF-β stimulation has been described as generating transient responses, while consecutive pulse stimulations was shown to result in sustained activation 15, 17 . This heterogeneity in the response profile of individual cells could be due to differences in negative feedback efficiency 16, 27, 34 or secondary mechanisms of SMADs recruiting activators and suppressors, thereby shaping the transcriptional response later after stimulation 35 . Surprisingly, we found that SMAD4 but not SMAD2 expression levels regulate the probability of cells to display a transient versus a sustained ctgf transcriptional response. While the mechanistic basis underlying this observation remains unclear, it is possible that higher SMAD4 levels allow to overcome the negative feedback generated after TGF-β stimulation.
Together with TGF-β, CTGF participates in wound healing to reconstitute a properly arranged connective tissue 19 . In normal adult fibroblasts, TGF-β controls the expression of ctgf which induces fibroblast proliferation and production of extracellular matrix 36, 37 . However, uncontrolled CTGF expression is generally associated with pathological forms of fibrosis characterized by uncontrolled scarring [38] [39] [40] or certain types of cancer 41 . Due to its angiogenic functionality, high basal levels of CTGF can provide favorable environments for metastasis when induced by the TGF-β pathway [42] [43] [44] . It was shown that depletion of SMAD4 in these cells causes a substantial reduction on metastatic potential 45 . While the kinetic profile of ctgf expression in these contexts is unknown, our observations suggest that higher SMAD4 levels may also allow more sustained ctgf transcription activity in the context of fibrosis and tumor metastasis. Further studies shall address the mechanistic basis of how elevated SMAD4 levels generate sustained ctgf transcriptional activity.
Methods
Construction of lentiviral plasmid constructs
NLuc was amplified from a synthetic construct using primers 5'-CGT AAA ACC GGT CGA ATG GTC TTC ACA CTC GAA G-3' and 5'-AGA CAT ATT GTC CAT GTC GAC CGC CAG AAT GCG- NLuc-Smad4 digested with SalI and NdeI (NEB) using T4 DNA ligase (NEB). pLV-PGK-rtTA3G-IREShygro was constructed as described previously 23 . All constructs were verified by Sanger sequencing.
Lentiviral vector production and generation of stable cell lines
Lentiviral vector production was performed by co-transfection of HEK 293T cells with the lentiviral construct, the envelope (PAX2) and packaging (MD2G) constructs using calcium phosphate, and concentrated 120-fold by ultracentrifugation as described previously 20 . NIH-3T3 GT:ctgf cells 20 were transduced with 120-fold concentrated virus carrying pLV-PGK-rtTA3G-IREShygro followed by selection with 200 µg/ml Hygromycin. Subsequently, these cells were infected with either pLVTRE3G-NLuc-SMAD4 or pLVTRE3G-NLuc-SMAD2, followed by selection with 2 µg/ml
Puromycin. These two stable cell lines (ctgf-SMAD2 and ctgf-SMAD4) were seeded at clonal density and clones were picked manually to obtain more homogeneous expression levels of the transgene.
Cell culture
The GT:ctgf, iS4, iS2 NIH-3T3 cell lines and HEK 293T cells (ATCC) were cultured in DMEM (Thermofisher; 41966029), supplemented with 10% fetal bovine serum (Thermofisher, 10270106) and 1% penicillin/streptomycin (BioConcept, 4-01F00H), at 37°C and 5% CO 2 . Cells were grown in 100 mm cell culture plates up to a confluence of 70% and split 1/6 every 2-3 days.
Single-cell luminescence time-lapse microscopy
Luminescence time-lapse recordings were performed on an Olympus LuminoView LV200 microscope equipped with an EM-CCD cooled camera (Hamamatsu photonics, EM-CCD C9100- 
Cell tracking
Tracking of cells was performed using CAST (Cell Automated Segmentation and Tracking platform 47 (Cell Automated Segmentation and Tracking platform). After preprocessing, images are convolved with a family of cell-like filters and converted to binary images using an adaptive threshold to define nuclear regions. The cytoplasmic region was defined using an annulus around the nucleus. To remove spurious detections of cells, an additional optional step was utilized to filter out short trajectories before the gap closing, merging and splitting steps, thus preventing these from being linked together into a spurious trajectory.
Western Blotting
Cells were grown to reach confluency before performing protein extraction. To quantify signals in immunofluorescence samples, a semi-automated image analysis pipeline built in the Cell Profiler software (www.cellprofiler.org) was used. DAPI staining was used to precisely locate nuclear regions and SMAD4 staining was used to define cellular borders and to determine cytoplasmic regions. Manual correction was performed for erroneous detections. Based on defined nuclear and cytoplasmic regions, signal intensities from samples were extracted.
Background subtraction was performed using control samples.
Clustering analysis
Clustering was performed using an unsupervised k-means algorithm provided in MATLAB (MathWorks) software package (k-mean, Lloyd, 1982) . The function uses a modified version for initialization 49 . Before the algorithm was executed, a heuristic choice of two clusters was made to comply with the manual inspection of single cell traces and the identification of two distinct behaviors. For the k-means clustering, we used the correlation matrix as the distance metric to determine subgroups with similar dynamic patterns.
Silhouette plots provide a graphical representation of how well each member belonging to a cluster corresponded to other members in the same cluster rather than the other cluster 50 . The silhouette value for the !-th cell, ! ! , is
where ! ! represents the average distance from the !-th point to the other points in the same cluster as !, and ! ! is the minimum average distance from the ! th point to points in a different cluster, minimized over clusters. The silhouette score ranges from -1 to +1, where a high value
indicates that the object is well matched to its own cluster and poorly matched to neighboring clusters. 
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